Abstract The conformational changes in myosin associated with ADP release and their influence on actin sliding velocity are not understood. Following actin binding, the myosin active site is in equilibrium between a closed and open ADP bound state, with the open state previously thought to favor ADP release and thus expected to be favored in faster myosins. However, our recent work with a variety of myosins suggests the opposite, that the open conformation is dominant in slower myosins, which have higher ADP affinities. To test if this correlation holds for fast myosin isoforms, we determined the relationships between conformational pocket dynamics, ADP affinity and velocity of four Drosophila myosins: indirect flight muscle (IFM) myosin (IFI), embryonic muscle myosin (EMB) and two IFI/EMB chimeras. Electron paramagnetic resonance spectra of nucleotide-analog spin probes (SLADP) bound to IFI subfragment-1 in the absence of actin showed a high degree of immobilization, indicating a predominately closed nucleotide pocket. The AÁMÁSLADP spectra of all four myosins in fibers (actin bound) also indicated an equilibrium favoring the closed conformation with the closed state closing even further. However, the energetics of pocket closure did not correlate with Drosophila myosin actin velocity suggesting our previous model relating pocket dynamics to velocity does not hold for fast myosin isoforms. We conclude that for these fast myosins, and possibly other fast myosins, velocity is controlled by factors other than the ratio of open to closed nucleotide pocket conformation.
Introduction
Myosin-driven motility is the result of an orchestrated interaction between the motor, myosin (M), its energy source, ATP, and the polymer roadway upon which directed motion occurs, actin (A). ATP binds to myosin and its hydrolysis provides the chemical free energy to power motion. Following hydrolysis, MÁADPÁPi binds to actin. Pi and ADP are sequentially released from the AÁMÁADPÁPi myosin cross-bridges, accompanied by a decrease in free energy of the actomyosin complex that is captured to produce force and motion (reviewed in Cooke 1990; Sweeney and Houdusse 2010) . The sliding velocity of myosin varies approximately 1,000-fold, from a lower limit of 50 nm/sec in human myosin-IXb (MYO9b) (Inoue et al. 2002; Post et al. 2002) to an upper limit of 60 lm/sec in Chara myosin XI (myoA) (Higashi-Fujime et al. 1995) . The isoform specific differences that allow myosin to perform its multitude of different tasks in the cell, and the conformational changes in myosin that are associated with the conversion of chemical free energy into mechanical energy, remain unresolved.
EPR probes are valuable tools to monitor conformational changes in proteins. They can cleanly resolve multiple spectral components more easily than fluorescence spectroscopy. When bound to a protein, thermal agitation results in the EPR probe executing a random motion that is limited by the adjacent protein surface. In the presence of an external magnetic field, the motion gives rise to a magnetic resonance spectrum consisting of three lines, with spectral width inversely proportional to the magnitude of the spatial volume the probe can explore (reviewed in Griffith and Jost 1976) .
Nucleotide-analog EPR probes are advantageous as they allow the experimenter to specifically target and monitor the nucleotide site of the myosin motor (reviewed in (Naber et al. 2011 ) and references therein). EPR spectroscopy of nucleotide-analog probes, with the spin probe attached to the 2 0 -carbon of the ribose, was initially used to monitor the conformation of the nucleotide site of fast and slow skeletal myosin (Naber et al. 2007 ). The EPR spectra indicated that in the absence of actin, the nucleotide pocket was in a closed conformation. When myosin bound actin, an additional component from a more mobile EPR probe was present in the spectrum. This indicated an opening of the nucleotide pocket upon binding to actin. The terms open and closed used here refer to the conformation of the nucleotide pocket as sensed by the mobility of the spin probe attached to the ribose. Previous work has suggested that changes in mobility are likely due to changes in the conformation of the switch 1 region (Naber et al. 2007 ). The opening of the nucleotide pocket was not a complete transition as the closed conformation remained present, suggesting an equilibrium between the two conformations. Subsequent studies of Dictyostelium myosin II (Naber et al. 2010) , myosin V (Purcell et al. 2011a, b) , cardiac atrial and ventricular myosin, Drosophila IFM myosin (IFI), and smooth muscle myosin reached the same conclusion (Purcell et al. 2011a ). An unexpected observation was that the more tightly ADP bound to the actomyosin complex for a specific isoform, the more the equilibrium between open and closed conformations of the nucleotide pocket for the isoform was shifted in favor of the open conformation of the nucleotide pocket. This appeared counterintuitive, as a closed conformation of the nucleotide pocket would be expected to enhance nucleotideprotein interactions, slowing ADP release and hence velocity as it has generally been thought that ADP release is rate limiting for most myosins (Siemankowski et al. 1985) . Instead, we found an unanticipated correlation between increased closed conformation probability and increased velocity (Purcell et al. 2011a, b) . This correlation led to a new model relating the energetics of the ADP bound states to filament sliding velocity and to mechanical efficiency.
Drosophila myosin isoforms are ideal to test this unexpected observation between nucleotide-binding pocket conformation, velocity and ADP affinity as they are among the fastest myosin isoforms known. Previously, we only examined Drosophila indirect flight muscle (IFM) myosin (IFI). This myosin was the only one to show a predominately closed pocket (positive DG°) with ADP bound and when bound to actin. Here, we examine a second relatively fast myosin isoform, an embryonic Drosophila myosin isoform (EMB) (Swank et al. 2003) , and two Drosophila myosin chimeras to better examine the relation of velocity and DG°at the high end of the velocity scale. The chimeras were previously created by exchanging alternatively encoded exon regions from EMB into IFI (Swank et al. 2002; Miller et al. 2005) . The pocket dynamics of the chimeric isoforms are particularly interesting to examine as their ADP affinities do not correlate with actin sliding velocity in the motility assay (Table 1) (Swank et al. 2002; Miller et al. 2005) . This allows us to independently test if pocket conformation at the nucleotide site, as determined by EPR, correlates with ADP affinity or if pocket conformation correlates with velocity.
Thus, we have a novel set of myosins with high actin sliding velocities coupled with a significant range of ADP off-rates with which to probe the relationships between myosin nucleotide pocket conformation, ADP biochemistry and sliding velocity. We found that the overwhelming majority ([75 %) of the nucleotide pockets of the Drosophila isoforms are in the closed conformation in the AÁMÁD state despite their extremely rapid sliding velocities. The lack of a correlation between the energetics of pocket conformation and velocity within these Drosophila myosin isoforms suggests that our previous model does not hold for very fast myosin isoforms and possibly slower myosins. Our results support the hypothesis that a mechanism other than ADP affinity controls sliding velocity for very fast myosins.
Methods

Spin labeling of proteins
Muscle fibers and myosin S-1 for the experiments were isolated from fly lines previously generated by P-element mediated transformation (Cripps and Bernstein 2000) . IFI is myosin normally found in wild type IFM that has been transgenically expressed in a null IFM background, Mhc 10 (Swank et al. 2000) . IFI also serves as a positive control for the three other transgenic myosin fly lines. EMB is an embryonic myosin expressed in IFM fibers in the Mhc 10 background (Wells et al. 1996) . IFI-EC has the EMB version of the converter exchanged into IFI, and IFI-7a has the exon 7 region of EMB (Swank et al. 2002; Miller et al. 2005) . The chimeric myosins were also expressed in IFM fibers in the Mhc 10 background. IFM fibers were isolated from all four Drosophila lines as previously described (Swank et al. 2002; Swank 2012) . The fibers were exchanged into rigor buffer (120 mM KOAc, 5 mM MgCl 2 , 1 mM EGTA, 40 mM MOPS, pH 7.0) by three centrifugation (12,0009g) and re-suspension steps. The final re-suspension was in rigor buffer with the [KOAc] reduced to 25 mM. Fibers were then spin labeled by addition of 10 lM 2 0 -SLATP and concentrated by centrifugation (10,0009g). The pellet was isolated and then placed on a quartz flat cell, surrounded by vacuum grease, and covered with a flat cell to prevent dehydration. For experiments involving BeFx, 10 mM NaF and 2 mM BeF 3 were added to the buffers resulting in a 2 mM concentration of the fluoride complex.
Myosin subfragment-1 (S-1) was prepared by alphachymotrypsin digestion of myosin isolated from IFM fibers as previously described (Miller et al. 2003) . S-1 (40 lM) was exchanged into the rigor buffer using a Centricon concentrator followed by three successive washes. 2 0 -SLATP (25 lM) was added to the resulting myosin S-1 solution. The solution was inserted into a 25-ml capillary for EPR spectra recording. The triphosphate species is hydrolyzed to the diphosphate species by myosin or actomyosin. Thus all spectra shown are of the 2 0 -SLADP complex. Spin-labeled nucleotides were synthesized as previously described (Crowder and Cooke 1987) . The structure of 2 0 -SLADP is given in (Naber et al. 2007 ).
EPR spectroscopy
The capillary or flat cell containing the labeled protein sample was placed in the spectrometer cavity. First-derivative, X-band EPR spectra were accumulated in a Bruker EMX spectrometer (Bellerica, MA) using a high-sensitivity microwave cavity and 50-sec, 10-mT-wide sweeps. The instrument settings were: microwave power, 25 mW; time constant, 164 ms; frequency, 9.83 GHz; modulation, 0.1 mT at a frequency of 100 kHz. Each spectrum used in data analysis was an average of 5-50 sweeps from an individual experimental preparation. Temperature was controlled by blowing dry air (warm or cool) into the cavity and monitored using a thermistor placed close to the experimental sample. Effective cone angles of mobility can be approximated using the order parameter S = (T || 0 -T 0 )/ (T || -T 0 ) as a measure of probe mobility. Here 2T || 0 is the observed splitting, 2T || is the splitting for an immobilized probe (7.20 mT) and 2T 0 is the isotropic hyperfine splitting for freely tumbling 2 0 -SLADP in solution (3.22 mT). The cone angle is then given by cosh = -0.5 ? 0.5*(1 ? 8S) 1/ 2 , where 2h is the vertex angle of the cone of mobility (Griffith and Jost 1976; Alessi et al. 1992) .
Results
Myosin S-1
We found that Drosophila indirect flight muscle myosin S-1 bound to 2 0 -SLADP (IFIS-1Á2 0 -SLADP) produces a characteristic EPR spectrum (Fig. 1a ) similar to other myosins previously measured. The components include three central large peaks, P2-P4, (truncated to enhance resolution of other spectral components) that are primarily due to unbound 2 0 -SLADP tumbling rapidly in solution. The sharp, small peak to the immediate left of peak P2 also comes from unbound probe. It is termed a satellite peak. This peak arises from the interaction of the unpaired electron in the spin moiety of unbound probe tumbling in solution with the 13 C (methyl groups) isotopes (Nordio 1976) . The decreased mobility of the EPR probe bound at the nucleotide site produces a broader EPR spectrum as seen by the addition of the P1 and P5 peaks to the spectrum. The P1-P5 splitting for IFIS-1Á2 0 -SLADP is 6.16 mT (Fig. 1a) . This corresponds to an effective cone of mobility with a vertex angle of 71°. The shoulder to the right of P1 is also due to bound probe, but these probes have greater mobility than the probes giving rise to P1 and P5. This (Miller et al. 2005) . IFI-EC is unpublished data collected at the same time as data described in (Miller et al. 2005) . Values for velocity are adjusted to 25°C assuming a Q 10 of 2. K AD values measured from S-1 in solution are from (Miller et al. 2003 (Miller et al. , 2007 suggests the pocket also exists in a second, more mobile conformation. While this second population is larger and measurable for myosin bound to actin (see below), in our S-1 spectrum its population, probably\5 %, is too small to measure reliably. The spectrum of IFIS-1Á2 0 -SLADPÁBeFx showed a closed nucleotide pocket with little evidence of the open conformation, although the cone angle associated with the closed state is slightly smaller (Fig. 2) . Since ADPÁBeFx is an analog of ATP, this suggests there is little difference in the conformation of the nucleotide site between the diphosphate and triphosphate states. A similar lack of significant difference between the diphosphate and triphosphate state has been seen with other myosin isoforms (Naber et al. 2007 (Naber et al. , 2010 Purcell et al. 2011a, b) . The spectra of both IFIS-1Á2 0 -SLADP and IFIS-1Á2 0 -SLADPÁBeFx showed little to no change with temperature (Fig. 2) .
IFI myosin bound to actin in IFM fibers
We observed two significant changes in the EPR spectrum of IFI AÁMÁ2 0 -SLADP (SLADP bound to full-length, wild type myosin in IFM fibers) compared to the S-1 spectrum (Fig. 1a ). An increase in P1-P5 splitting indicated that the nucleotide binding site closes between 16 and 20°, Fig. 2 Cone angles of mobility for 2 0 -SLADP bound to Drosophila S-1, and myosin in skinned IFM fibers as a function of temperature. Effective cone angles of mobility were approximated using the order parameter S = (T || 0 -T 0 )/(-T 0 ) as a measure of probe mobility. 2T || 0 is the observed splitting, 2T || is the splitting for an immobilized probe (7.20 mT) and 2T 0 is the isotropic hyperfine splitting for freely tumbling 2 0 -SLADP in solution (3.22 mT). The cone angle is then given by cosh = -0.5 ? 0.5*(1 ? 8S) 1/2 , where 2h is the vertex angle of the cone of mobility (Griffith and Jost 1976; Alessi et al. 1992) . Each value is the mean of 1-4 distinct observations. The standard errors of the EPR cone angles are ±0.18°3 depending on temperature, when IFI binds to actin (Figs. 1a  and 2) . Second, the additional, distinct high-field shoulder of the P1 component becomes more prominent compared to the shoulder in the S-1 spectrum (Fig. 1b) . This additional shoulder component has a smaller low-field to high-field splitting which indicates greater probe mobility suggesting a more open conformation of the nucleotide pocket exists in equilibrium with a more closed conformation. This shoulder component has been seen in a variety of myosin types (Purcell et al. 2011a ). The intensity of the shoulder is at a different magnetic-field location than that of IFI-S1, indicating it does not come from myosin heads that are not bound to actin.
Temperature influenced both the degree of opening of the active site and the ratio of open to closed sites. As temperature increased, the P1-P5 splitting of spectra from IFI AÁMÁ2 0 -SLADP in fibers decreased slightly, indicating a slight additional opening of the closed conformation of the nucleotide site, a cone angle increase of 7° (Figs. 1b and 2) . The relative intensity of the high-field shoulder of the P1 peak increased with temperature indicating a shift toward the open conformation (Fig. 1b) . To quantify the ratio of open to closed states, we deconvolved the spectra into a linear sum of the two respective components as described previously (Sindelar et al. 2002; Naber et al. 2003; Purcell et al. 2011a) . Letting K eq = [fraction of myosin showing the more mobile component of the spectrum]/[fraction showing the more immobilize component], the deconvolution of the spectra of IFI AÁMÁ2
0 -SLADP in fibers shows K eq varies from 0.16 at 4°C to 0.31 at 23°C (Table 1) . Thus 86 % of the myosin in the strongly bound IFIÁ2 0 -SLADP state have nucleotide pockets that are in the more closed conformation at the lower temperature, and 76 % are closed at the higher temperature. Correspondingly, with R = Boltzmann's constant and T = absolute temperature, then DG°= -RTln(K eq ) for the closed-to-open transition varies from 4.2 kJ/mol at 4°C to 2.9 kJ/mol at 23°C (Table 1) .
EMB myosin bound to actin in IFM fibers
Expressing EMB myosin in Drosophila IFM fibers caused a couple changes in the 2 0 -SLADP spectra (Fig. 1c) . We observed a decrease in splitting, indicating a 5°degree increase in probe cone angle compared to IFI (Figs. 1d and  2) . As was the case for IFI fibers, the P1-P5 splitting decreases with increasing temperature, corresponding to an opening of the immobilized component's cone angle by 8°f or the same temperature range (4 to 22-23°C) as IFI (Fig. 2) . This was not significantly different compared to the 6°opening observed for IFI. The shoulder on the P1 component was also present in the EMB spectra, again implying an equilibrium between a more closed and more open conformation of the nucleotide site in the AÁMÁ2 0 -SLADP state (Fig. 1c) . The equilibrium was the same as observed for IFI, as deconvoluting the spectra showed K eq and DG°, at low and high temperatures, were not significantly different compared to IFI values (Table 1) .
Chimeric myosins bound to actin in IFM fibers
The two chimeric myosins expressed in IFM fibers showed AÁMÁ2 0 -SLADP spectra, for the more immobilized (closed) component, that were more similar to spectra from IFI than EMB (Figs. 1d and 2) . The chimeras' trend of increased cone angle with temperature did not significantly differ from IFI's cone angle trend with temperature (Fig. 2) . As was the case for IFI and EMB, there is a partitioning of the nucleotide sites into more open and more closed conformations. The ratio of the open conformation to closed conformation (K eq ) favored the more immobile component, similar to what we observed for IFI and EMB. (Table 1) However, there appears to be a tendency for the more open conformation in IFI-EC when compared to IFI. This tendency is even more pronounced for IFI-7a.
Discussion
We have investigated the conformation dynamics of the nucleotide site of four very fast Drosophila myosin isoforms. Examining the fastest known muscle myosins provides insight into how actin sliding velocity is influenced by conformational changes associated with ADP and actin binding. We found that the nucleotide sites of all four ADP-bound myosin isoforms are in one of two states, one with a highly restricted probe mobility, which we call the closed state, and one with a greater probe mobility, which we call the open state. The closed nucleotide state is strongly favored when myosin in not bound to actin. This is similar to what has been observed for S-1 and myosin isoforms from other species (Purcell et al. 2011a) .
Previously, investigators thought that myosin's nucleotide site should switch to a more open state when myosin binds actin to favor ADP release. This notion was based on EPR studies of slow myosins such as myosin V that showed a switch from a closed to open state upon actin binding (Sun et al. 2006; Purcell et al. 2011a) . Our findings showed almost the opposite trend. For Drosophila myosins bound to actin in IFM fibers, we observed a small increase in the percentage of myosins with an open nucleotide site compared to IFI S-1. The increase was from \5 % for IFIS-1 to 15 or 28 % for myosin in IFM fibers, depending on temperature and isoform. Thus, the actin-bound equilibrium still strongly favors the closed conformation of the nucleotide site for the Drosophila myosins. Additionally, the closed conformation of the Drosophila myosins is even more tightly closed with actin bound than it is in the absence of actin, a difference in the effective cone angle of mobility of approximately 18°. In all other myosins that have been examined, there are only trivial changes in the cone angle of the closed state following actin binding.
Drosophila myosins are the first observed where a majority ([75 %) of the cross-bridges in fibers have a closed nucleotide-binding site when ADP is bound at temperatures at which the myosins typically function, *37°C for mammals and about 15-25°C for flies. For myosins from all other species that have been studied, the open conformation is more prevalent (Naber et al. 2007 (Naber et al. , 2010 Purcell et al. 2011a, b) at higher temperatures. Drosophila myosin's equilibrium favoring the closed conformation of the nucleotide pocket appears counterintuitive, since ADP release at the end of the working cross-bridge power-stroke is widely assumed to be a significant rate-limiting contributor to active sliding velocity (Siemankowski et al. 1985; Weiss et al. 2001) . Additionally, ADP has a weaker affinity for the actomyosin complexes of the Drosophila isoforms compared to most vertebrate myosins. For example, the affinities are 2 to 4 -fold lower than rabbit S-1 (Miller et al. 2003; Silva et al. 2003 ). An open, not a closed nucleotide-binding site would be expected to weaken nucleotide-protein interactions and thus facilitate ADP release. However, the relationship between nucleotide affinity and the conformation of the nucleotide pocket is clearly complex. The X-ray structures of kinesinÁADP and ncdÁADP show extremely wide-open nucleotide pockets, despite the fact that ADP binding to the proteins is very tight Sablin et al. 1996) .
Data from different myosin isoforms with a 20-fold difference in sliding velocities indicated that the relationship between sliding velocity and the DG°associated with the transition between the closed and open conformations of the nucleotide site could be reconciled by invoking a partitioning of free energy between work generating actomyosinÁADP states prior to ADP release (Purcell et al. 2011a ). This analysis showed that the degree to which the nucleotide pocket stays open (measured by the DG°for the closed-to-open transition) inversely correlates with sliding velocity (Purcell et al. 2011a) . IFI was included in this analysis and appeared to fit the correlation (Purcell et al. 2011a) .
Our more extensive analysis here of IFI and three additional Drosophila myosins suggests that at least at the high end of the correlation, velocity is not influenced by the conformation of the ADP bound nucleotide site. Compared to vertebrate myosin isoforms, all four Drosophila isoforms tested should be considered very fast isoforms, and all four favor the closed conformation (Table 1) . Thus, these myosins fit the overall trend observed previously by Purcell and colleagues (Purcell et al. 2011a ) that as myosin speed increases, the closed conformation becomes dominant, and the DG°difference between the closed and open states becomes more positive (Fig. 3a) . However, the inverse Fig. 7 from (Purcell et al. 2011a) . Symbols for the Drosophila myosins are circle for IFI, square for EMB, diamond for IFI-7a, and triangle for IFI-7a. The other circles are the same myosins as in (a) While there appears to be a general trend over a wide range of isoforms (black line), there was no correlation within the Drosophila myosin isoforms between DG°and K AD values. K AD values are from references listed in the legend for Table 1 correlation between velocity and DG°does not hold within this group of fast myosins (Table 1 ; Fig. 3a ). This result suggests the nucleotide site conformation in the ADP bound state is not important for setting Drosophila myosin velocity. Similarly, the Drosophila myosin DG°differences do not appear critical for influencing ADP release rate (Fig. 3b) . The ADP dissociation constants (K AD ) (higher K AD = lower affinity) for these myosins range from 838 to 239 lM (Miller et al. 2003 (Miller et al. , 2007 and the DG°values range from 2.3 to 2.9 (Table 1) , but the two sets of values do not positively or negatively correlate (Fig. 3b) . Although there is no systematic correlation of K AD with DG°within the four Drosophila isoforms, the values of K AD are clustered at the weak end of the range of myosins from a variety of species (Fig. 3b) , and the DG°values are clustered at the high end of the range. Thus, the correlation of K AD with DG°for myosins from a variety of species is better than the correlation with velocity.
The lack of correlations support previous work suggesting that ADP release rate is not important for setting Drosophila myosin velocity. S-1 ADP affinities measured in solution (Miller et al. 2003 (Miller et al. , 2007 did not correlate with actin sliding velocity in the motility assay (Swank et al. 2002 (Swank et al. , 2003 or with the frequency of maximum work production of isolated muscle fibers as measured by sinusoidal analysis (Swank et al. 2002 (Swank et al. , 2004 . Additional sinusoidal experiments on wild-type IFM fibers also suggested that ADP release is not limiting under oscillatory length change conditions (Swank et al. 2006; Yang et al. 2010) . Instead, the results suggested that either Pi release is rate limiting or that a low IFI ATP affinity may make ATP binding and subsequent detachment from actin limiting (Swank et al. 2006 ). That ATP binding can limit velocity has also been suggested by experiments involving some fast skeletal myosins (Nyitrai et al. 2006) . These findings are counter to the general assumption that ADP release rate sets velocity for all skeletal muscles (Siemankowski et al. 1985; Weiss et al. 2001) . Thus, studying fast Drosophila myosins is revealing new insights into the mechanochemistry of fast motors and ATPases.
